Abstract Primate seed dispersal plays crucial roles in many ecological processes at various levels of biological organization: from plant population genetics and demography to community assembly and ecosystem function. Although research on primate seed dispersal has advanced significantly in the last 20-30 years, many aspects are still poorly understood. Here, we discuss some new challenges that we need to address, as well as some old ones that still need our attention, highlighting examples from the Neotropics. Despite new analytical tools from network theory, research on primate seed dispersal rarely takes a community-wide approach, thus limiting our understanding of its evolutionary, ecological, and conservation implications. Of particular relevance for conservation are changes caused by landscape-scale processes (e.g., forest loss and fragmentation), but these effects need to be assessed using a landscape approach, which is currently absent in primate seed dispersal research. Agroecosystems can play a key role in maintaining primate seed dispersal in anthropogenic landscapes, but this topic remains poorly studied. Primate seed dispersal research will need to play a role in refaunation projects aimed at restoring plant-animal interactions. Old challenges that we still need to address include the long-term effects of primate declines on plant populations and communities, and the role of primate seed dispersal in the regeneration of degraded habitats. If we take advantage of all tools provided by modern science, from powerful methods of data analyses to molecular techniques, and combine them with strong multidisciplinary collaborations, the future of primate seed dispersal research will indeed be exciting.
Introduction
Biotic interactions have played an important role in our theoretical and empirical efforts to understand the structure, dynamics, and function of natural systems for centuries (Andresen et al. 2018) . Today, in the face of an imminent ecological collapse of many of these natural systems, biotic interactions are receiving much attention and are proposed as an urgent target of conservation efforts (Tylianakis et al. 2010; ValienteBanuet et al. 2015) . Of particular concern are plant-animal mutualistic relationships, such as pollination and seed dispersal, which play critical roles in maintaining the integrity of terrestrial ecosystems (Arroyo-Rodríguez et al. 2017a; McConkey et al. 2012) .
Seed dispersal through frugivory constitutes a dynamic interaction between plants and animals that generally has important positive consequences for both groups of organisms: the plants get their offspring moved, while the animals obtain food. These consequences, in turn, have many ecological and evolutionary implications because of their relevance for animal and plant fitness (Herrera 2002; Jordano 2014) . The effects of this biotic interaction ripple through many levels of organization, from genes to populations, communities, and ecosystems (Traveset et al. 2014) .
Seed dispersal by frugivorous animals occurs in many terrestrial ecosystems, but is very conspicuous in tropical forests, where most woody plant species have fleshy fruits adapted for animal consumption, and most tropical birds and mammals include fruits in their diets (Corlett 2017; Fleming and Kress 2013) . A large proportion of the frugivore biomass in these forests is constituted by primates (Chapman 1995) . However, seed dispersal studies have historically focused more on birds and bats than on primates (Andresen 2000) . Although this bias continues, its strength seems to be decreasing.
We conducted a literature search in Scopus® for "(seed* AND dispers*) AND (primate* OR monkey*)" in the "title," "abstract," and "keywords" for the period 1990-2016 and found 371 records. We complemented the search with publications (mostly book chapters) that we knew of but did not appear in the search. We then deleted records that were not directly related to seed dispersal by primates, leaving 258 publications. We did not search for "frugivory" or "diet," so our database is not exhaustive, but is a representative sample of the literature on primate seed dispersal. We found that since the 1990s there has been a steady increase in primate seed dispersal studies ( Fig. 1) , underscoring the fact that these animals play a crucial role as seed dispersers in the ecosystems they inhabit. Thus, whereas 20 years ago primate seed dispersal research was considered to still be in its infancy , it is now a well-established line of research, particularly in tropical regions of the world (Lambert 2010) .
During the 2000s people working on primate seed dispersal perceived that this area of research was undertstudied in the Paleotropical region, when compared to the Neotropics (Lambert 2010) . Although this was true for certain time periods in 2000-10, these two regions are now equally well represented in the literature (Paleotropics with 49% and Neotropics with 51% of publications between 1990 and 2016; Fig. 1 ). However, when distinguishing continents within the Paleotropics, Africa (including Madagascar), with 34% of publications, and Asia with 15%, are underrepresented when compared independently to the Neotropics. More important, perhaps, is the paucity of comparative studies across continents, indicating the need for more research in this area (Fig. 1) .
Drawing most of our examples from the well-studied Neotropics, and highlighting differences with the Paleotropics, we aim to answer the following questions in this review: First, what advances have we achieved during the last 20-30 years of primate seed dispersal research and what challenges still remain? Second, what are the emerging topics to be addressed by primate seed dispersal studies during the next decades? Rather than summarizing knowledge of the role of primates in seed dispersal, for which reviews already exist Bufalo et al. 2016; Chapman and Russo 2006; Fuzessy et al. 2016 Fuzessy et al. , 2017 Lambert and Chapman 2005; Russo and Chapman 2011) , we draw attention to two types of topics. The first are topics that have been recognized as relevant within the general areas of seed dispersal ecology and conservation biology, but that have only recently begun to be addressed by primate seed dispersal research, or that we think ought to be addressed in the near future. We examine seed-dispersing primates in interaction networks, the landscape approach in studies of primate seed dispersal, primate seed dispersal in agroecosystems, and animal translocation and the restoration of seed dispersal in empty forests. The second type of topics are those that have been addressed by primate seed dispersal studies for some time, but for which important aspects still remain unaddressed or poorly understood. Here, we include consequences of primate declines for plant populations and communities, the role of primate seed dispersal in the regeneration of degraded forest, and other old challenges that remain. We end our review with brief conclusions.
Seed-Dispersing Primates in Interaction Networks
Studies of seed dispersal by animals generally focus on a single taxon of animals as the dispersal vector (e.g., primates, birds, bats, ants, scatter-hoarding rodents). For Number of studies
Years
Neotropics Africa Asia 2-3 Regions Fig. 1 Publications on primate seed dispersal found through a literature search for the period 1990-2016. Of all publications, 244 focused on a single continent: America, Africa (including Madagascar), or Asia, while 14 were comparative studies including two or all three of these continents. example, our literature search found that, of 258 studies published between 1990 and 2016 that included primates as seed dispersal vectors, 74% focused solely on this group of frugivores, and of these 63% studied a single primate species. Only 26% of all studies used a community approach, studying primates and other taxa of frugivorous animals, generally birds or other mammalian orders. This bias is stronger in the Neotropics, where only 18% of studies used a community approach, compared to the Paleotropics with 35%. Studying primates in conjunction with other seed-dispersing animals, as components of an interaction network, is necessary to understand the relative role that primates play in plant demography and spatial distribution, as well as plant community assembly, in an ecosystem. It has been widely recognized for a long time that a community perspective of the relationships between plants and frugivores is needed to address many questions pertaining to the evolution (e.g., fruit syndromes; Gautier-Hion et al. 1985) , ecology (e.g., diversity patterns; Terborgh 1986), and conservation (e.g., management; Howe 1984) of these biotic interactions and the ecosystems in which they occur. This lag in community-wide studies of mutualistic plant-vertebrate interactions is not surprising, however, if we consider the methodological difficulties that such an approach entails for both data collection and analysis (Jordano 2016) .
There has been a great advance in the analysis of community-wide interactions in recent decades with the development of analytical tools derived from complex network theory, with particular emphasis on mutualistic networks of pollination and seed dispersal (e.g., Bascompte and Jordano 2014) . However, the great majority of plantfrugivore network studies have focused on birds, while frugivorous mammals, including primates, have been neglected (Donatti et al. 2011) .
Network analysis uses a variety of metrics to describe the structural patterns of a group of interacting species. These metrics, in turn, represent emerging properties of the community, which can be related to its functioning. Commonly used network metrics include nestedness, modularity, connectance, specialization, interaction strength asymmetry, and niche overlap (Bascompte and Jordano 2014) . Very few primate seed dispersal studies in the Neotropics have used network-theory analytical tools, either with a community approach (Donatti et al. 2011; Stevenson et al. 2015) or a singletaxon approach (Bufalo et al. 2016) . The situation is similar in the Paleotropics (Albert et al. 2013; Correia et al. 2017; Menke et al. 2012; Schleuning et al. 2011) . However, these studies have yielded some valuable insights, allowing us to 1. Understand the relative roles of evolutionary and ecological mechanisms in structuring plant-frugivore interactions. For example, in general, convergence rather than shared evolutionary history seems to shape Neotropical networks (Donatti et al. 2011; Stevenson et al. 2015) . However, phylogenetic clustering occurs in some primate-plant relationships, such as the one between howlers (Alouatta seniculus) and Moraceae trees in a Colombian forest . 2. Determine the functional role that primate species play in structuring plant-frugivore interaction networks. For example, the howler Alouatta caraya is one of the few frugivorous animals connecting subgroups of strongly interacting plant and animals species (i.e., network modules) in the Pantanal, thus playing a crucial role in maintaining the cohesion of the whole network (Donatti et al. 2011) . Further, in Neotropical forests where highly frugivorous primates, such as woolly monkeys (Lagothrix spp.) and spider monkeys (Ateles spp.), represent a high proportion of the frugivore biomass, these primates play a more dominant role (i.e., network hubs) than birds in plant-frugivore communities . 3. Assess the degree of complementarity and redundancy of primate species relative to each other and to other frugivores in the community. For example, in the Brazilian Atlantic Forest, the large-bodied muriqui (Brachyteles spp.) disperses a higher diversity of large-seeded plants than six other species of primates (Bufalo et al. 2016) . However, the small-seeded plant species dispersed by the smaller primates are not a subset of those dispersed by the larger species, unlike the nested pattern often observed in mutualistic networks (Bufalo et al. 2016 ). 4. Assess and predict direct and indirect consequences of disturbance-driven changes in the frugivore community. For example, a study in the Paleotropics showed that a decline of primates in the frugivore community at forest edges, compared to the forest interior, was associated with a higher proportion of small-seeded fruits being consumed, potentially leading to changes in the plant communities of edges vs. the interior (Menke et al. 2012) . 5. Design and implement conservation strategies to maintain or restore plant-frugivore interactions. For example, we can use network metrics to evaluate the success of refaunation projects, in terms of recovering animal populations and their functional roles in the ecosystems (Correia et al. 2017) . Further, some network metrics can be used to identify keystone plant resources for frugivores (Donatti et al. 2011) . However, a recent study cautions against this, showing that traits of the plant resources relevant for animals, such as the amount of pulp biomass going from plants to frugivores, do not correlate with currently used network indices .
Clearly, much is to be gained by increasing our use of network analytical tools in primate seed dispersal research. More importantly, much is to be gained by taking a community approach to primate seed dispersal, in which primates are recognized as components of a much wider coterie of seed-dispersing animals in an ecosystem (McConkey and Brockelman 2011) . In other words, we must view network analysis not as a goal itself, but as the means that helps to address primate seed dispersal with a community approach. Although powerful, network analysis depends on robust sampling to yield representative results (Jordano 2016) .
Finally, a big challenge in sampling plant-frugivore networks is obtaining accurate estimates of interaction intensity to construct quantitative networks, particularly when different sampling methods (e.g., feeding observations, fecal samples, seed traps, etc.) are required for different frugivore taxa. Moreover, if the network to be assessed is one of seed dispersal, rather than simply frugivory, we need estimates of interaction intensity that correlate well with seed dispersal effectiveness (sensu Schupp et al. 2010) . This requires measurements of the two components of effectiveness: dispersal quantity (number of seeds dispersed) and dispersal quality (probability of plant recruitment for the dispersed seeds), for all interactions in the network (McConkey and Brockelman 2011; McConkey et al. 2014) , which represents a daunting task in most cases.
The Landscape Approach in Studies of Primate Seed Dispersal
With tropical forest loss, fragmentation, and degradation, primates increasingly inhabit heterogeneous landscapes composed of forest patches embedded in anthropogenic matrices. Heterogeneity results from different land cover types in the landscape (landscape composition), and their spatial arrangement and physiognomy (landscape configuration: Fahrig et al. 2011; Fig. 2) . Understanding the relative effects of landscape compositional and configurational variables on ecological patterns and processes has played a central role in the development of many conceptual frameworks and debates (Haila 2002) . Examples include the habitat loss vs. fragmentation debate (Fahrig 2003 (Fahrig , 2017 , the habitat-amount hypothesis (Fahrig 2013) , the land-sharing vs. land-sparing debate (Perfecto and Vandermeer 2008) , the landscape homogenization vs. differentiation hypothesis (Arroyo-Rodríguez et al. 2013), the landscape-moderated insurance hypothesis (Tscharntke et al. 2012) , and the fragmentation threshold hypothesis (Villard and Metzger 2014) . Reviewing these ideas is beyond the scope of this article but they constitute useful frameworks when designing studies that will increase our understanding of how primates perceive and use the landscape, and consequently of the effects that land use changes at the landscape scale may have on primate seed dispersal ( Fig. 2) .
Although the landscape approach has received much attention in ecology and conservation biology in the last few decades (e.g., Cohen et al. 2014; Fahrig 2017;  Human-modified landscape As an increasing number of primate populations inhabit human-modified landscapes of different spatial compositions (represented by different shades of gray) and configuration (represented by the spatial arrangements of the polygons), we urgently need to understand primate-landscape codependency. Holzschuh et al. 2010) , it is still very rare in primate studies (Arroyo-Rodríguez and Fahrig 2014) . This is likely related to the fact that we generally perceive a landscape approach as being very expensive in terms of monetary cost and time investment, although this is not necessarily true for all cases and depends on the study design used. In our literature review, we found no studies of the effect of landscape variables, either compositional (e.g., landscape forest cover, matrix permeability) or configurational (e.g., mean patch size, mean interpatch distance, number of forest patches) on primate seed dispersal. Thus, to our knowledge, no study has yet assessed primate seed dispersal using a landscape approach (sensu Arroyo-Rodríguez and Fahrig 2014) .
A landscape approach implies that the unit of replication is the landscape, and that explanatory variables describe landscape-scale patterns (Arroyo-Rodríguez and Fahrig 2014). Response variables can be measured at the landscape scale (i.e., landscape-scale study design), meaning that several patches or sample sites in each focal landscape are sampled to estimate an average response for the landscape (Fig. 3) . Alternatively, response variables can be recorded in independent habitat patches (i.e., patchlandscape study design) or in equal-sized sample sites (i.e., site-landscape study design), and landscape variables are measured within a specified radius (buffer) from each focal patch or site (Fig. 3 ). Although the appropriate study design depends on the research questions, site-and patch-landscape studies are less affected by confounding factors (Fig. 3) , and also have the advantage of being less expensive than landscape- Landscape-scale design (e.g., seed dispesal distance) Fig. 3 Study designs based on a landscape approach. Response variables can be estimated within sample sites of fixed size (black squares) in a site-landscape design, or in focal patches (black polygon) in a patchlandscape design. In both cases, sites/patches are in the center of the study landscapes (circles), and landscape variables are quantified within a specified radius measured from the center of the focal sites/patches. Alternatively, when using a landscape-scale design, response variables are measured in several sample sites (or patches) distributed across each study landscape, and an average response value (e.g., mean seed dispersal distance) is associated with the landscape characteristics. When landscape-scale studies locate sample sites/ patches near the edge of the study landscape, these samples may be affected by confounding factors (i.e., unmeasured characteristics of neighboring landscapes; represented with black arrows). For simplicity, the remaining habitat patches (gray polygons) are embedded in a homogeneous anthropogenic matrix (white areas).
scale studies. For many response variables that can be quantified relatively quickly (e.g., primate presence, seedling communities), the costs of site-and patch-landscape studies are comparable to those of a typical patch-scale study, in which both response and explanatory variables are measured at the patch scale (Arroyo-Rodríguez and Fahrig 2014 ). Yet, for other response variables (e.g., primate feeding behavior, seed deposition patterns) the effort of studying sufficient independent primate groups to obtain representative data, even when using a site/patch-landscape design, can be very high. Such efforts will require well-funded, long-term, collaborative research projects. Whatever the study design chosen, the "scale of effect" is an important aspect of a landscape approach (Jackson and Fahrig 2015) . The strength of the relationship between explanatory and response variables depends on the spatial extent (i.e., landscape size) at which landscape variables are measured (e.g., Ordóñez-Gómez et al. 2015). As we cannot predict a priori the scale at which relationships will be the strongest, we should measure landscape variables at multiple scales to detect the scale that best predicts the response variable of interest (Fahrig 2013; Jackson and Fahrig 2015) . This issue is critical for accurate landscape-scale inferences, as significant response-landscape relationships may be overlooked if they are assessed at the wrong scale.
Studies of primate seed dispersal with a patch-scale design in fragmented forests give us some insight into potential effects of landscape characteristics. Such studies, for example, have shown that stem density and species richness of seedlings decrease in small forest patches in which primate populations have been reduced or extirpated, suggesting the importance of landscape variables such as fragment size and forest cover (Chapman and Onderdonk 1998; Cordeiro and Howe 2001) . However, one study found no differences in seedling recruitment between patches occupied and unoccupied by the spider monkey Ateles geoffroyi (Chaves et al. 2015) , suggesting that the loss of primates from rainforest patches may have a weak effect on seedling recruitment in some cases. A few other studies have compared different aspects of primate seed dispersal between continuous and fragmented forests (e.g., Arroyo-Rodríguez et al. 2017c; Chaves et al. 2011) , or between forest edges and forest interiors (Menke et al. 2012) , but these patch-scale studies do not suffice to draw conclusions about the landscape spatial variables that might be directly or indirectly driving the observed effects on plants dispersed by primates.
Additional research efforts using a landscape approach are urgently needed to understand the effect of land use change on the process of seed dispersal by primates. Such an approach will be particularly valuable for answering questions relevant to conservation, such as: How much habitat do we need to preserve to maintain different primate species and their seed dispersal function (i.e., ecological thresholds; Fahrig 2002)? Which primate species can persist and function (i.e., disperse seeds effectively) in landscapes with a wildlife-friendly agricultural matrix (land sharing; Perfecto and Vandermeer 2008) and which species need large protected areas separated from productive lands (land sparing; Phalan et al. 2011) ? What role do vegetation corridors and landscape connectivity play in maintaining the process of seed dispersal by primates (Beier and Noss 1998) ? Do the resilience and stability of primate seed dispersal increase with landscape complexity (Tscharntke et al. 2012) ? How do primate seed dispersal and landscape heterogeneity interact to determine successional trajectories (Arroyo-Rodríguez et al. 2017a)? These novel and important questions remain unanswered, and future primate seed dispersal research should be directed toward addressing them. To do this will require long-term collaborative research efforts, and the integration of molecular genetic methods that can allow us to measure the consequences of primate seed dispersal (e.g., linking primate foraging to plant demography and spatial distribution) at the landscape level.
Primate Seed Dispersal in Agroecosystems
The rapid advance of the agricultural frontier in the tropics is forcing an increasing number of primate species to use different land cover types in the anthropogenic matrix. Indeed, for most primates in the world, long-term conservation will inevitably have to occur in human-modified landscapes (Almeida- Rocha et al. 2017) . More than 50 primate taxa use more than 35 types of agroecosystems as temporary or permanent habitats, worldwide (Estrada et al. 2012) . As all New World primates are arboreal forest specialists (Estrada et al. 2017) , they mostly use structurally complex agroecosystems, such as shade crops growing under a canopy of native trees (e.g., rustic coffee and cacao plantations; Blanco and Waltert 2013; Estrada et al. 2012) . Agroecosystems that resemble a forest in terms of vegetation complexity are key components of the "landsharing" approach to biodiversity conservation. Under this approach, structurally complex agricultural matrices play a crucial role in facilitating animal movements across heterogeneous landscapes, thus increasing the availability of resources to forest-dwelling animals, such as Neotropical primates, at the landscape level (Perfecto and Vandermeer 2008) .
Although much information is available about primate presence in agroecosystems, and a few studies have assessed diet and foraging patterns of Neotropical primates in shade-crop plantations (e.g., Williams-Guillén et al. 2006), we know very little about the ecological functions played by primates in these systems, including seed dispersal (Estrada et al. 2012) . Our literature search showed that, of the 258 studies published between 1990 and 2016 on primate seed dispersal, 15 included some kind of agroecosystem as part of their study system, but only 2 had the assessment of the primates' role as seed dispersers in the modified habitats as their main objective (Hockings et al. 2017 in the Paleotropics; Zárate et al. 2014 in the Neotropics). One study showed that chimpanzees (Pan troglodytes) favored the recruitment of new fruitproducing cacao trees inside plantations by dispersing cacao seeds, which was appreciated by farmers (Hockings et al. 2017) . The other showed that howlers (Alouatta pigra) living in rustic shade cacao in the Lacandona rainforest of Mexico perform similar seed dispersal services for native trees present in the plantation, as they do in the forest (Zárate et al. 2014) . Many more studies on seed dispersal by primates in agroecosystems are needed before we can draw conclusions about the role of primates in plant regeneration in these systems (Fig. 2) .
Finally, if agroecosystems are to favor primate conservation in human-modified landscapes, local farmer communities must embrace this objective and include it in their management plans (Zárate et al. 2014) . However, whenever primates use an agroecosystem there is potential for human-primate conflicts. In contrast with the Paleotropics, where primates can cause severe economic loss and be considered serious pests (e.g., Campbell-Smith et al. 2010), primates in Neotropical agricultural landscapes feed less on crops and are generally tolerated by farmers (e.g., Rocha and Fortes 2015) . Nonetheless, an active role of farmers in efforts to conserve primates in agroecosystems is a crucial element of success. Contextualized environmental education initiatives focusing on the ecosystem services provided by primates, such as seed dispersal, may be a good way of promoting positive perceptions, attitudes, and behavior toward them, ultimately favoring their conservation in agricultural landscapes (López-del-Toro et al. 2009).
Consequences of Primate Declines for Plant Populations and Communities
Our planet is undergoing an unprecedented biodiversity crisis brought about by human activities. Primates are among the most affected animal groups, with >60% of all species threatened with extinction (Estrada et al. 2017) . Conversion of natural ecosystems to agricultural lands and hunting are the main drivers of primate declines (Almeida- Rocha et al. 2017; Estrada et al. 2017) . As primate populations disappear from both forest reserves and human-modified landscapes a critical question arises: How will primate declines affect plant populations and communities (Fig. 2) ? The answer is not simple because it relies heavily on the degree of primate-plant codependency, which is difficult to quantify.
Following the seed dispersal effectiveness framework, the effect that a given primate species can have on plant fitness depends on the quantity and quality of seed dispersal (Schupp et al. 2010) . Several studies of primate seed dispersal have adopted this framework in the Neotropics Kunz and Linsenmair 2010) , but these studies generally focus on a few quantitative (e.g., number of swallowed seeds) or qualitative (e.g., effect of gut passage on germination) variables. This limits our understanding of the effectiveness of primate seed dispersal, especially because studies assessing different variables can lead to contrasting conclusions. For example, one study in the Lacandona rainforest (Mexico) suggested that spider monkeys (Ateles geoffroyi) are effective seed dispersers in continuous and fragmented forests because these primates swallowed many seeds in both forest types, defecating them mostly undamaged and with a greater germination probability (Chaves et al. 2011) . However, another study in the same region found that fruit scarcity in fragmented forests can lead spider monkeys to deplete the available fruit patches more intensively than in continuous forests, resulting in a larger proportion of seeds being deposited under sleeping trees and decreasing the effectiveness of dispersal in fragmented forests (González-Zamora et al. 2014 ). Thus, we should be cautious when assessing only few aspects of the seed dispersal effectiveness of primates (Schupp et al. 2010) .
In general, the higher the importance of a primate species in both components of seed dispersal effectiveness, the stronger the effect that primate decline or extirpation will have on plant populations. Nevertheless, this relationship is not straightforward, as it depends on the role played by other dispersal vectors. For example, plant species with small soft fruits can be dispersed effectively by many animal species, including primates, birds, bats, and reptiles. Thus, the proliferation of some small and generalist vertebrates in forest patches could potentially compensate for some of the dispersal services provided by lost primates (e.g., iguanas; de A. Moura et al. 2015. Compensation, however, is unlikely to be complete. For example, in the Neotropics, depletion of large-bodied primates caused by hunting is only partially compensated by smaller primates or frugivorous birds Peres and Dolman 2000) . For plant species with large seeds and/or with hard indehiscent husks (Andresen 2000) , larger primates are probably among the few dispersal agents, and thus, other animals cannot compensate for the role of primates for these plant species. For instance, differential resource use by primates and hornbills in African forests suggests that seed dispersal by hornbills cannot compensate for the loss of primates (Poulsen et al. 2002) . The loss of medium-to-large sized primates (4-180 kg) in hunted sites in Africa limits seedling recruitment of many plant species despite the presence of full assemblages of frugivorous birds (Effiom et al. 2014 ). This suggests that in some cases there may be no buffering effect on tree regeneration through functional compensation by nonhunted animals. Nevertheless, evidence on compensatory dynamics is still very poor and based on very few aspects of seed dispersal effectiveness, and we need additional efforts to better understand the role of other animals in compensating the loss of primate seed dispersal .
Although the number of studies focusing on the potential effects of the loss of animal seed dispersers on plant populations and communities has increased tremendously in the past decade (Kurten 2013; Russo and Chapman 2011) , few focus on primates. Many studies address the effects of different kinds of disturbances on aspects of primate seed dispersal, suggesting the possible implications of primate declines, but few studies explicitly assess these implications. In our review, only 20 of 258 studies focused explicitly on assessing the consequences of primate decline for plant populations (12 studies) and communities (8 studies). Although most studies (16) , the available literature is biased to a few response variables and primate species (6 studies of howlers, 5 studies of spider monkeys). Nevertheless, the lessons learned are valuable. For example, primates and toucans are the most important dispersers of Virola flexuosa seeds, and a lower percentage of seeds are removed in hunted sites than in nonhunted sites, suggesting that primate declines may limit dispersal of this plant (Holbrook and Loiselle 2009) . Seedlings of the tree Inga ingoides in forest areas where the spider monkey (Ateles paniscus) is present show increased gene flow when compared to areas where this primate has been extirpated (Pacheco and Simonetti 2000) . Similarly, seedling density of the tree Dialium guianense is higher in forest patches inhabited by its main seed disperser, the mantled howler (Alouatta palliata), than in patches unoccupied by this primate (Anzures-Dadda et al. 2016) . At the community level, recruitment of seedlings and saplings of primate-dispersed seeds is 46% lower in hunted sites than in wellprotected forests, whereas recruitment of abiotically dispersed plants is 284% lower in the latter than in the former sites (Nuñez-Iturri et al. 2008) . Similarly, the loss of large-bodied primates and other large vertebrates from Amazonian forest sites decreases the aboveground biomass because of the important role of these primates in dispersing large-seeded Neotropical tree species, which have, on average, higher wood density than smaller-seeded and wind-dispersed trees (Peres et al. 2016 ).
This body of evidence highlights the importance of primates in the dynamics of plant populations and communities, but we need more studies to draw stronger conclusions. This area of research will benefit greatly from increasing the scale of studies (both temporal and spatial), using a plant-frugivore community approach, assessing both aspects of seed dispersal effectiveness (quantity and quality), and from study designs that discriminate between the effects of correlated variables. The latter include biotic and abiotic factors that are affected by the same disturbances that decrease primate populations and that also influence plant populations and communities (e.g., seed predators and seedling herbivores; Culot et al. 2017; Kurten 2013 ).
The Role of Primate Seed Dispersal in the Regeneration of Degraded Forest
Primates play a crucial role in plant regeneration in the conserved natural habitats where they live. But, to what degree do primates promote plant regeneration and accelerate succession in degraded lands through seed dispersal, contributing to the restoration of their own habitat? This question was first asked 18 years ago, during the Frugivory and Seed Dispersal Meeting in the year 2000 (Lambert and Kaplin 2001) , and again at the same meeting 10 years later (Lambert 2010) , and we are still asking the same question today. Much evidence has accumulated over the last 20 years to address this question indirectly, in particular through studies of primates in different kinds of disturbed ecosystems. Many of these studies stress the importance that seed dispersal by primates may have in passive ecosystem restoration by accelerating the natural regeneration of vegetation in degraded habitats. Yet, with a few exceptions (e.g., Culot et al. 2010) , the question has not been thoroughly addressed directly, i.e., with studies specifically designed to gather quantitative empirical data to answer it.
Most of the evidence for the potential role of primates in accelerating vegetation recovery comes from studies in the Paleotropics. In Africa and Asia many species of primates (in particular ceropithecines) are semiterrestrial, tolerant of anthropogenic disturbances, and have foraging patterns that favor the dispersal of seeds between conserved and disturbed habitats (reviewed by Albert et al. 2014) . In the Neotropics, however, information on the role of primates as seed dispersers in degraded ecosystems is very sparse. This is not surprising because New World primates are forest specialists, and do not easily venture into open degraded vegetation. Consequently, in the Neotropics, bats and birds are thought to disperse most zoochorous primary forest seed species into open areas (Corlett 2002) .
Although the use of open habitat by Neotropical primates is limited, some small species, in particular the tamarins (Saguinus spp.), use young secondary forest (5-10 years of age) extensively. Further, a few studies have reported tamarins dispersing seeds (including large seeds thought to generally depend on large frugivores for dispersal) from primary forest into adjacent secondary forest (Culot et al. 2010; Muñoz-Lazo et al. 2011; Oliveira and Ferrari 2000) , and even into highly degraded areas such as pastures between forest patches (de Luna et al. 2016) .
More studies like these are needed in the Neotropics, not only for tamarins, but also other species that use anthropogenic matrices. For example, even the highly frugivorous spider monkeys (Ateles spp.), generally believed to be restricted to large tracts of undisturbed forest, use many matrix elements in human-modified Neotropical landscapes (Arroyo-Rodríguez et al. 2017b).
Animal Translocation and the Restoration of Seed Dispersal in Empty Forests
At the same time that primate seed dispersal research began to develop, and many years before the effects of primate loss and declines on plant populations and communities were assessed thoroughly, the stage for the research to come was already set. In a seminal paper, Kent Redford highlighted the role of primates and other large frugivores in seed dispersal, as well as their vulnerability to human activities, warning us of an imminent disruption of this biotic interaction by writing "An empty forest is a doomed forest" (Redford 1992, p. 421) . Today, evidence for this disruption is strong.
The long-term maintenance of biotic interactions is considered a high priority goal, and an emphasis on seed dispersal by frugivorous animals figures prominently in discussions of biodiversity and ecosystem conservation (Aslan et al. 2016; Brodie and Aslan 2012; Correia et al. 2017; Markl et al. 2012; McConkey and O'Farrill 2016; McConkey et al. 2012; Valiente-Banuet et al. 2015) . Researchers propose that refaunation through the translocation of animals may be necessary to restore plantanimal interactions and maintain long-term ecosystem structure and function (Brodie and Aslan 2012; Corlett 2007; Galetti et al. 2017; Seddon et al. 2014) .
Refaunation programs with the explicit purpose of restoring ecosystem functions are still very few, particularly in tropical regions (Correia et al. 2017; Galetti et al. 2017) . A recent review found that the largest proportion of primate translocations (46% from a total of 202 primate translocation programs) have had the purpose of enhancing the welfare of particular primate individuals, and to a lesser extent (14%) to promote the conservation of particular populations (Beck 2017 ). To our knowledge, no primate translocation has occurred with the purpose of restoring seed dispersal or any other ecological process. Nonetheless, there is an extensive history of primate translocations in particular (Beck 2017 ) and of frugivorous animals in general (Corlett 2007) , and relevant lessons can be learned from them when considering animal translocations for restoring ecosystem functions and processes (Corlett 2007) .
A good knowledge of primate seed dispersal is relevant for several refaunation scenarios aimed at restoring this plant-animal interaction: 1) translocation of primates to restore populations of the same species that have suffered local demographic or ecological extinction (e.g., howlers [Alouatta clamitans] in Atlantic Forest remnants; Galetti et al. 2017) ; 2) translocation of primates to compensate for the loss of another primate (e.g., the more resilient howler [Alouatta spp.] might replace the extinctionprone spider monkey [Ateles spp.]; Arroyo-Rodríguez et al. 2015) or nonprimate disperser (e.g., large atelines, such as the muriquis [Brachyteles spp.] might replace large terrestrial mammals such as the tapir to some extent; Bueno et al. 2013) ; and 3) translocation of other frugivore species to at least partially replace a lost primate's function in seed dispersal (e.g., iguanas and guans might compensate for the loss of Neotropical primates in forest patches to certain extent; de A. Moura et al. 2015; Pizo 2007) . In all scenarios, the translocation of individuals may occur within the species' indigenous range, or outside of it (Seddon et al. 2014) . The latter is much more controversial because it entails the risks of introducing an exotic species. However, when an ecological function is lost as a result of the global extinction of the animal that performed it, taxon substitution or ecological replacement with a nonindigenous species may be the only solution in some cases (Aslan et al. 2014; Seddon et al. 2014) .
As the number of refaunation projects for ecosystem function restoration begins to increase, primate seed dispersal research will provide crucial information for the planning and monitoring of programs aimed at restoring dispersal for primatedispersed plant species. More specifically, primate seed dispersal research can provide site-specific answers to the following key questions:
1. For what plant species do primates disperse viable seeds? We need more long-term studies on the fruit diet of primates, including specific information on the viability of dispersed seeds (Bufalo et al. 2016; Hawes and Peres 2014) . 2. What is the degree of functional redundancy of primates and other frugivores for the seed dispersal of particular plant species? The extent to which different frugivorous animal species play complementary or redundant roles is a key aspect for conservation decisions (Albert et al. 2013; Culot et al. 2017) . Several studies on primate seed dispersal have shown that the degree of redundancy between primates and other frugivores (Bueno et al. 2013; Clark et al. 2001; Poulsen et al. 2002) , and also between primate species (Levi and Peres 2013) , is often low. Yet, the number of species included and the timeframe of these studies are often limited, such that it is difficult to reach general conclusions regarding functional redundancy at the community level (McConkey and Brockelman 2011). 3. What is the relationship between primate abundance and the seed-dispersal service provided? This question has direct implications for determining when the ecological extinction of primates occurs, i.e., when a primate species that is still present in an ecosystem, and may even have stable populations, stops functioning as an effective disperser (McConkey and O'Farrill 2016; McConkey et al. 2012) . For example, the extremely high dispersal effectiveness of highly frugivorous atelines in some Neotropical forests is directly related to the quantity of seeds dispersed, which is in turn partly due to high primate densities (Levi and Peres 2013; Stevenson 2007; Stevenson et al. 2015) . 4. What is the degree of primate resilience to different disturbances? Resilience of organisms is a key characteristic to be considered in restoration projects in general, and in animal translocation programs in particular (Aslan et al. 2016) . Different primate species are more or less resilient to different anthropogenic disturbances (Almeida-Rocha et al. 2017) . Thus, depending on the dominant drivers causing primate decline in a given site, species to be translocated for refaunation purposes should have some resilience to those drivers. For example, many species of Neotropical tamarins (Saguinus spp.) can survive in young secondary forests and are rarely the target of hunters, and are thus more resilient than other frugivores to these two disturbances. Howlers (Alouatta spp.) are quite resilient to forest fragmentation, being able to inhabit small forest remnants (Arroyo-Rodríguez and Dias 2010). Primate resilience to changes in the interaction patterns (i.e., frugivory) triggered by the disturbance is also very important (Aslan et al. 2016) . In this context, primates that have a more flexible or generalist diet (e.g., howlers being able to survive on a purely folivorous diet in the absence of fruit; Dias and Rangel-Negrín 2015) will be more resilient to a decrease in their interaction with fruiting plants (e.g., due to fruit extraction or selective logging). A final aspect is behavioral resilience; primate seed dispersal studies should assess whether a particular disturbance changes a primate's behavior in such a way that seed dispersal effectiveness is affected negatively (McConkey and O'Farrill 2016) . Management actions to support translocated individuals might have nondesired effects on seed dispersal that ought to be monitored. For example, food provisioning, which might be necessary to maintain translocated primates in sites where the amount of habitat is not sufficient (Corlett 2007) , may have negative consequences for seed dispersal effectiveness (Sengupta et al. 2015) .
Other Old Challenges that Remain
In addition to the aspects of primate seed dispersal we have reviewed, several other aspects have been highlighted as areas in need of more attention and remain important areas to address. While the following list includes challenges that are relevant for primate seed dispersal in general, we emphasize the Neotropics in particular.
1. Many primate species remain understudied in terms of their fruit diets, and the information that exists often does not discriminate between seed predation and seed dispersal (Hawes and Peres 2014) . Some Neotropical primate genera have been the focus of very few studies on seed dispersal (Bufalo et al. 2016) , and some have not been studied at all. Understudied genera that are known to include a significant amount of fruit in their diet include titi monkeys (Callicebus, Cheracebus, Plecturocebus), marmosets (Callithrix, Mico, and Callimico), squirrel monkeys (Saimiri), and night monkeys (Aotus). 2. We need more detailed information about the treatment and handling of seeds by Neotropical primates. Both seed-eating genera (Cacajao, Chiropotes, Pithecia) and primates that generally disperse viable seeds prey on seeds, but seed predation is rarely quantified for the latter (Bufalo et al. 2016; Chapman and Russo 2006) . Conversely, seed-eating primates may also be important dispersers for some plant species (Barnett et al. 2012; Norconk et al. 1998) , but this aspect of Neotropical primate seed dispersal has also been neglected. Seed spitting and seed dropping likely occur more often than reported for Neotropical primates (Stevenson 2007 ), but we lack thorough quantitative assessments of these behaviors (Bufalo et al. 2016) . Finally, removal of pulp, through seed dropping, spitting, or defecation, can have important positive effects on seed fate, such as decreased susceptibility to pathogen attack (Lambert 2001 ) and increased germination through deinhibition (Traveset et al. 2007) . The latter effect, in particular, is hardly considered in germination experiments that assess the effect of gut passage, but could easily be included. 3. Almost 30 years ago, Chapman (1989) showed, for the first time, that most seeds deposited on the forest floor through primate seed dispersal are later handled by either seed predators or secondary seed dispersers. The study of postdispersal seed fate was highlighted as an important direction for future primate seed dispersal research 20 years ago , and again 12 years ago (Chapman and Russo 2006) . Although our knowledge on this topic has certainly increased, it remains underrepresented in primate seed dispersal studies. Yet, processes affecting postdispersal seed fate are of tremendous relevance because they determine the dispersal quality of a primary disperser to a large degree (Lugon et al. 2017) . For the particular case of Neotropical primates, in which defecation is the most common means of seed dispersal, we need more studies assessing seed removal by animals that are attracted by the fecal material surrounding seeds. Rodents, ants, and dung beetles figure most prominently among these animals, the activity of which can strongly affect seed fate and seedling establishment (Andresen and Levey 2004) . 4. More extensive use of the seed dispersal effectiveness framework (Schupp et al. 2010) will greatly improve our comparisons between different primate species, and between primates and other frugivores, regarding their effectiveness as seed dispersers . This framework can also be applied to determine cases in which the postdispersal removal by rodents, ants, or dung beetles of primate-dispersed seeds is beneficial for a plant species, and where it has negative effects (Culot et al. 2015) . 5. We need to increase our understanding of how the spatially complex and heterogeneous seed shadows created by different primate species affect plant populations and communities. To achieve this, primate seed dispersal studies should a) incorporate detailed information on the movement patterns, foraging behavior, and the defecation patterns of primates, as well as the temporal and spatial variability of the seed shadows created, comparing both inter-and intraprimate species Phiphatsuwannachai et al. 2017; Russo and Chapman 2011; Stevenson et al. 2014) ; b) use molecular markers to identify spatial patterns of primatedispersed individuals and genetic structure of populations (Arroyo-Rodríguez et al. 2017c; Bialozyt et al. 2014; Gelmi-Candusso et al. 2017; Karubian et al. 2015; Terakawa et al. 2009 ); c) link primate seed dispersal to plant community structure and diversity patterns at various spatial scales (Calle-Rendón et al. 2016; Chanthorn et al. 2017; Stevenson 2011 ). 6. One pattern that has repeatedly emerged over decades of seed dispersal research in general, and primate seed dispersal in particular, is the high contextdependent variability of both the dispersal process itself and of its consequences (McConkey and Brockelman 2011; Norden and Stevenson 2015) . To improve our ability to draw broader generalizations we need an increase in the temporal and spatial scales used by primate seed dispersal studies .
In particular, studies that compare seed dispersal by the same primate species or genera in different forests and regions will give us much insight into the ecological and evolutionary implications of primate seed dispersal (Russo et al. 2005; Stevenson 2011 ). Even within particular regions and forests, we need to address large variability in phenological patterns and forest composition over short temporal and spatial scales, respectively, through studies specifically designed to assess the associated variability of various aspects of primate seed dispersal, such as fruit removal and seed/seedling fate. More syntheses and meta-analyses will also be very helpful for identifying generalizable patterns in primate seed dispersal (e.g., Fuzessy et al. 2016 Fuzessy et al. , 2017 .
Conclusions
Primate seed dispersal research has advanced much in the last 20 years. It has moved from focusing on primate frugivory to focusing on plant demography, and is now starting to focus on the structure and function of whole interaction networks. It has broadened from emphasizing one or a few primate species to visualizing primates as one component of the frugivore community. It has moved forward from mostly describing patterns to stressing processes. It has changed from inferring the potential consequences of primate declines on ecosystems to measuring and predicting them. We conclude that primate seed dispersal research is no longer in its infancy, as it was 20 years ago ; today, it has come of age. Nevertheless, we have many challenges, old and new, and another two decades might be necessary for the "young adult" to mature. Yet, the biggest challenge we face today is not any of the ones discussed here; it is making sure that we will in fact have 20 more years, and hopefully many more beyond, of primate seed dispersal research. Our interactions with the natural world are threatening most primate species (Almeida- Rocha et al. 2017; Estrada et al. 2017) . No matter what our particular research agendas may be, we can always incorporate in them a specific goal, even if small, that will have some positive impact for the long-term conservation of primates and their natural habitats.
